Non-contact and non-destructive electrical conductivity measurements of nitrogen doped nanocrystalline diamond films have been demonstrated using a microwave cavity perturbation system. The conductivity of the films was controlled by simply varying the CH 4 gas concentration during microwave plasma assisted chemical vapour deposition, thereby promoting the formation of sp 2 carbon at the grain boundaries. The presence of sp 2 carbon is verified through Raman spectroscopy, x-ray photoelectron spectroscopy and electron energy loss spectroscopy, while scanning electron microscopy confirms an increasing surface area for sp 2 to form. The microwave cavity perturbation results show that the measured cavity quality factor varies with CH 4 concentration. The extraction of conductivity is achieved through a depolarisation model, which must be considered when the sample is smaller than the cavity and through both electric and magnetic field perturbations. The microwave measurements are comparable to contacting and damaging measurements when the film conductivity is greater than the substrate, thus demonstrating an invaluable method for determining conductivity without the need for depositing any electrodes on the film.
Introduction
Diamond films produced using microwave plasma chemical vapour deposition (MPCVD) are of great interest for a wide variety applications including but not limited to micro-electromechanical systems (MEMS) [1] , electrodes [2] , thermal management [3, 4] , terahertz applications [5] and optical windows [6] . All of these applications depend heavily upon a resultant diamond film with a low density of defects; in the case of thermal transport, the benefit of diamond's superior thermal conductivity is hindered by thermal barriers from defects at the nucleation region [7] . This includes the formation of non-diamond carbon at the grain boundaries during growth, namely sp 2 and amorphous carbon. In terms of the dielectric properties, the loss tangent at high frequencies becomes large as well as the low frequency conductivity. The density of nondiamond carbon impurities can be reduced by lowering the CH 4 concentration whilst increasing the microwave power [8, 9] . While the sp 2 carbon by-product is an obvious limitation for the above low defect diamond applications, diamond incorporated with electrically conducting impurities has demonstrated potential in others [10] . Electrically conducting diamond may be achieved through doping such as boron or phosphorus by respectively adding trimethylboron or phosphine to the gas phase [11e13] or by increasing the surface sp 2 carbon concentration by increasing the CH 4 concentration to create nano-crystalline diamond (NCD) films. It is also well-known that incorporating N 2 to the CH 4 and H 2 gas mixture influences the electrical conductivity; for NCD films, nitrogen is preferentially incorporated at the grain boundaries resulting in bond distortions, an increase in sp 2 bonding and thus an increase in conductivity [14e18], while earlier reports of polycrystalline diamond (PCD) films deposited using different gases show that N 2 addition actually decreases the electrical conductivity [19] . Electrically conducting diamond films through doping improves the prospect of MEMS devices [1] , negates the need for metal contacts for x-ray beam intensity monitors that introduce additional unwanted absorption edges [14, 20] , and improves diamond medical implants without ceramic or titanium leads offering lighter and smaller components with a lower risk of failure [21, 22] . Conducting NCD films with an abundance of sp 2 carbon, where sp 3 carbon has been partially or completely transformed, have been demonstrated in electron field emission applications [23e25]. Thus, characterising the extent to which an NCD film is electrically conducting is of general importance for furthering various NCD film applications. With the exception of n or p type doping, the electrical conductivity may be inferred by characterising sp 2 carbon, commonly achieved through Raman spectroscopy, electron energy loss spectroscopy (EELS) and x-ray photoelectron spectroscopy (XPS). All of these techniques are non-contact and offer fingerprint analysis of a small section of the film. Ultimately, a direct electrical measurement is required, where metallic electrodes need to be brought into contact with the film after growth [26] . At optimising the experimental stage, the assessment of multiple samples grown at various conditions is limited by the additional errors associated with the contacting electrodes. A technique which combines both the non-contacting nature of spectroscopy and a measurement of the electrical properties is through microwave dielectric spectroscopy. While microwaves are generally associated with rapid and efficient heating, dielectric measurements are conducted with much less power and are therefore much less damaging, especially for small samples of low heat capacity. Other techniques, such as those requiring lasers, are prone to heating which is not the case for microwaves which dissipate less than 1 mW in the sample. Currently, one of the most well-known microwave techniques used for examining charge conduction in diamond films is the time resolved microwave conductivity (TRMC) method. This technique uses a microwave waveguide cavity in conjunction with a calibrated light source [27, 28] . The sample is placed inside the cavity and upon irradiation, perturbs the frequency response which is a fast transient (<1 mS) associated with light induced conductivity. Notably, Torrealba et al. demonstrated photo-conductivity in PCD films which were otherwise insulating at room temperature. Thus, activated charge transport can be measured with TRMC in semiconducting films. In conventional setups, the reflection coefficient infers the cavity frequency response, however, requires strict calibration to remove standing waves along the transmission line to the cavity. Also, the cavity coupling needs to be adjusted for each sample to maximise the sensitivity.
For electrically conducting NCD films at room temperature, we demonstrate in this work that determining the resistivity using a non-contacting microwave approach does not require a light source, nor the capability to resolve fast transients. In this work, we simply propose the use of microwave cavity perturbation (MCP), all within the frequency domain, to infer the electrical conductivity, minimising the complexity of the system to just a vector network analyser (VNA) and a cavity. In addition, we use a 2-port transmission system with no need to retune owing to the weak coupling antennas, minimising the effects of coupling on the measurement. The caveat here is that the dynamic range of the VNA must be significant to measure low Q factors. In MCP, the empty and sample perturbed frequency responses are measured and the difference is related to the complex dielectric or magnetic properties. MCP has been a popular choice for characterising electrically conducting impurities in diamond samples due to the non-contact setup and significant dielectric contrast between sp 3 and sp 2 carbon in the microwave frequency range [29e31]. While previous studies have been effective for particles, in this work we adopt these systems towards NCD films which introduces a number of challenges. The first consideration is that MCP requires the sample holder, or in this case the growth substrate, to have a low complex permittivity. In most cases, the sample holder or substrate generally has a low volume and dielectric constant and loss tangent compared to the sample such as quartz. However, for NCD films synthesised using MPCVD, this is the opposite where the substrate is typically significantly larger in volume than the film as to avoid delamination caused by thermal stress and the electrical conductivity of the substrate is commonly significant, such as doped n or ptype silicon [32] . In this instance, the perturbation is focused on the substrate which determines the lower conductivity detection limit. This detection limit may be improved by changing to a lower conductivity substrate such as quartz or sapphire [27] , however, forming stable carbides on these structures is considerably more challenging in addition to the differences in thermal expansion coefficients resulting in delamination upon cooling from elevated temperatures [33] .
Suffice to say, in the interest of examining defects and trace sp 2 carbon in MPCVD produced NCD films for the aforementioned applications, using MCP is almost futile with a highly conducting substrate. However, for doped diamond film applications, if the conductivity increases significantly such that the conductivity is equivalent to or much larger than that of the substrate, then MCP is of great benefit through non-contact probing of electrical properties. This may be achieved through both electric (E) and magnetic (H) field perturbations. In which case, in this study we focus on NCD films suitable for conducting diamond film applications. This paper demonstrates measuring the microwave conductivity of NCD films with a simple rectangular resonator. In Section 2 we discuss the depolarisation model for measuring films since the sample geometries are smaller than the cavity. In Section 3 we present COMSOL Multiphysics ® simulations of the cavity and compare this to the analytical models. In Section 4 we have produced representative conducting NCD films by varying the sp 2 carbon content. This has been achieved by varying the CH 4 concentration during MPCVD growth. Finally, in Section 5 we have characterised the films using common spectroscopy methods and have compared this with MCP.
Theory

First order cavity perturbation
MCP is a technique where a sample is placed in the anti-node of a microwave cavity resonator and the observed change in the complex frequency response allows extraction of the complex relative permittivity or permeability. Differences in Q factor have been reported for nanodiamond powders treated in various atmospheres owing to varying sp 2 concentrations [29e31, 34] . These studies have all been conducted in the first order scenario, where the E and H-field distribution with and without the sample is similar and so minimal macroscopic depolarisation applies. A simplification is made to the following general cavity perturbation equation [35] :
where Df Ã =f 0 is the fractional change in complex resonance caused by the perturbation which is defined as
, f is the resonant frequency, Q is the À3 dB quality factor, m 0 and ε 0 are the free-space permeability and permittivity respectively, E and H are the electric and magnetic field distributions, respectively, 0 and s denote the unperturbed and perturbed values, V s and V c denote the volume of the sample and cavity, respectively, m Ã r is the complex relative permeability and ε Ã r is the complex relative permittivity of the sample with some dielectric loss from conductivity:
where s dc is the dc conductivity. For a dielectric E-field perturbation with minimal change to the field distribution, this of course simplifies to the well-known first order cavity perturbation equation:
where V m is the mode volume or the effective volume over which the electrical energy is stored and e denotes an E-field perturbation.
Cavity perturbation with depolarisation
For (3) to be valid, E 0 zE s and so sample surfaces should not be perpendicular to the applied E-field as to avoid polarisation charges from building up to create an opposing depolarisation field. This reduces the net field inside the sample and also reconfigures the fields within the cavity. For magnetic field perturbations, skin depth may cause screening effects if the geometry is larger than the skin depth. First order cavity perturbation no longer applies in this case as the net field is geometry and conductivity dependent (E s sE 0 or H s sH 0 ). This can somewhat be accounted for by assuming that the sample has some depolarising or demagnetisation factor [36] . For an E-field perturbation perturbation:
where N is the geometric sample depolarising factor which is positive and less than or equal to 1. The determination of N may be modelled analytically or using finite element modelling (FEM). Equation (4) is plotted in Fig. 1 as a function of conductivity and depolarisation (ε r;1 ¼ 1) for a typical rectangular resonator. In first order cavity perturbation, N ¼ 0 and thus, simply Df fε r;1 and D½1=Qfs dc as in (3). However, when N is finite, both f and Q are convoluted when s dc changes and the sensitivity decreases dramatically with very high conductivities. In summary, the three primary considerations for measuring conducting films which are smaller than the cavity are:
1. Sensitivity decreases with increasing N.
2. Df and D½1=Q are no longer solely, respectively, attributed to ε r;1 and ε r;2 as both change with s dc .
3. There are two degenerate regions where Q denotes the sample to be either conducting or insulating.
In respect of using Q to infer conductive loss in a material, when there is depolarisation, point 3 is of grave significance especially when samples have a conductivity ranging from 10 0 to 10 3 S/m [37] . As is shown in Fig. 1 , a sample with increasing conductivity will first exhibit a decrease in Q followed by an increase back to the cavities unperturbed value. To the observer, no change in Q could be mistaken for a sample with minimal dielectric loss and simply a finite but large dielectric constant such as a material exhibiting Debye like behaviour. This degeneracy issue may be overcome using H-field perturbations assuming of course that m r * ¼1 at these frequencies. Any loss caused by a large conductivity is due to the induction of surface currents while a purely dielectric material should not interact with the H-field whatsoever. The screening effect results in a change in the volume of stored energy in the cavity which for the E-field perturbation case results in a decrease in frequency, however in the H-field, this results in a shift upwards [35, 38] , in which case the perturbation can simply be modelled using (4) except the frequency increases.
Finite element model
A rectangular cavity has been modelled in COMSOL Multiphysics ® at 2.5 GHz with a typical CVD diamond film substrate, details in Table 1 , such that the extremities are within the cavity to cause finite depolarisation N > 0. The CVD film is modelled as a 1
mm transition boundary condition on the surface of a 10 Â 10 Â 0:5
Si substrate (all surfaces except for the base). For the E-field measurement, the film is suspended on a polytetrafluoroethylene (PTFE) sheet that extends through the cavity. The measurement mode used here is the TE 011 mode in which the E-field standing wave is at a maximum in the centre of the cavity and at a minimum on the cavity walls, shown in Fig. 2a . Conversely, the H-field standing wave is at a local minimum in the centre and a maximum towards the walls of the cavity, shown in Fig. 2b . The dimensions of the cavity are (61 Â 70 Â 110 mm) and have been chosen as such to minimise mode overlap caused by degeneracy. Fig. 2c and d shows the field distribution in the presence of a heavily conducting sample (s dc ¼ 10 6 S/m) placed at the maxima of the E and H-fields. Note that in both cases the field screens dramatically and the overall distribution of the mode is changed, especially in the E-field case where the field decays before it reaches the sample, demonstrating that E 0 sE s and ultimately showing that first order cavity perturbation cannot apply.
The associated changes in f and Q for a sample of varying s dc are shown in Fig. 3 . For the E-field perturbation, as stated previously, in the non-depolarising case the frequency should not change for a given conductivity, however, it is clear in Fig. 3a that the frequency decreases with increasing conductivity owing to depolarisation. The simulation was conducted with and without the Si substrate to understand the measurement limitations. Without the Si substrate, the analytical solution (where N e ¼ 8:7 Â 10 À5 and V m ¼ 0:25 Â V c ) is in good agreement with the simulation. In Fig. 3b , Q e decreases and increases accordingly with (4), demonstrating that the analytical model is relatively accurate at describing the change in f and Q factor for the E-field perturbation of a film with a lossless substrate. There is however, a large deviation from the model when the Si substrate is introduced; note that f e and Q e decrease to lower initial values for a lower conductivity. The point at which the Si and lossless models meet defines the lower conductivity measurement limit (z10 3 S/m), again highlighting that this MCP system is only suitable for measuring conducting NCD films. As the conductivity of the film increases, the effects of the Si are less prominent. In addition, there is also a slight deviation in f e but more so in Q e which is due to the fact that at the sample location the H-field is non-zero and so the material produces a small perturbation into the stray H-field. Normally this perturbation is insignificant for dielectric samples, however, since conducting samples also perturb the H-fields, there is an additional contribution. At this point, it is important to note that one could observe that the degeneracy of Q e can be corrected by simply checking the E-field frequency shift; if the frequency does not change, we are in the low conductivity region and if it decreases, then the sample has a high conductivity. However, the shifts modelled here do not consider the low but finite dielectric constant of the sample which may change, and so the frequency will always decrease. Therefore, we highlight the importance of performing additional H-field perturbations.
For the H-field perturbation, the deviation from the analytical model (where for fitting purposes only, N h ¼ 1:23 Â 10 À6 and V m ¼ 500 Â V c ) is less significant in both f h and Q h . Note that the V m scalar is much larger since the H-field is distributed all around the cavity walls. The introduction of the lossy Si substrate also had minimal impact to the H-field model, although the frequency shift is smaller in the high conductivity region. This is due to a stray perturbation in the E-field. While a low dielectric constant material has little effect on the stray E-field, the sample conductivity may be significant enough to alter the E-field distribution. In addition, the simulated sample here assumes no air gap between the wall and the sample which may also introduce a small shift downwards in f h (see supplementary information). The conductivity related depolarisation effects which result in H-field screening, and therefore an increase in f, have an onset at a higher conductivity since N h < N e . In summary, the sample conductivity can be inferred from the following groups, with the observed differences from the unperturbed; f e has been included although as explained previously its observation is obscured by ε r;1 :
1. 0 À 10 2 S/m -Insulating to lossy dielectric Q e decreases 2. 10 2 À 10 4 S/m -Lossy dielectric to semi-conductor Q e is heavily damped, Q h decreases and f e decreases 3. 10 4 À 10 7 S/m -Semi-conductor to metallic Q e decreases, Q h decreases, f e decreases and f h increases 4. Greater than 10 7 S/m -Metallic f e decreases f h and increases.
Experimental method
The MCP system has been tested with NCD films 10 Â 10 Â 0:5 mm on Si. The substrates used for growth are n-type Si (100) substrates (10 À 20 kU cm). Prior to the deposition of NCD films, the Si substrates were seeded with a water-based colloidal suspension of ultra dispersed detonation nanodiamond of size 6 À 7 nm (NanoCarbon Institute Co., Ltd.) via drop casting and subsequent spin-drying [39] . The NCD films were grown on the seeded Si substrates in an ASTeX 6500 series MPCVD reactor. Mixtures of CH 4 , H 2 and N 2 were used as the reactant gases for the microwave discharges. While the N 2 was kept constant at 3% (9 sccm), the CH 4 was varied from 1% (3 sccm) to 15% (45 sccm) and complemented by H 2 so as to maintain a 300 sccm of total flow rate. The plasma was induced with a microwave power of 3 kW and a pressure of 65 Torr.
The MCP measurements were carried out using the aluminium rectangular microwave cavity resonator shown in Fig. 4 . Two gold plated coaxial SMA ports have been added to the side of the resonator with loop H-field antennas to couple into the TE 011 mode at approximately 2.5 GHz. The cavity is fabricated into 2 pieces of aluminium and attached together using steel clips. The cavity is split into two pieces in such a way that the current distribution of the mode is unaffected; any seams run parallel to the surface currents. In addition, sample slots have been milled for various other sheet sizes. A thin sheet of PTFE is used to suspend the NCD films in the E-Field. The unperturbed response for the E-field measurements is taken as the PTFE loaded cavity while for the H-field measurements, the samples are simply placed on the bottom of the cavity. The surface morphology and the thicknesses of the NCD films were characterised using a FEI Quanta 200 FEG scanning electron microscope (SEM) operated at 15 kV. The crystalline quality and the bonding structure of the films were examined using a Horiba Jobin Yvon T64000 micro-Raman spectrometer (equipped with a BXFM Olympus 9/128 microscope, a Horiba JY Symphony CCD detector with a 488 nm Lexell SHG laser), X-ray photoelectron spectroscopy (XPS; PHI 1600) and core-loss electron energy loss spectroscopy (EELS, Gatan Enfina) in transmission electron microscopy, respectively.
Results and discussion
The SEM micrographs in Fig. 5 show that at low CH 4 concentration, the produced NCD film consists of 0.5e1 micron sized grains. As the CH 4 concentration is increased to 5% however, the observed grain size decreases dramatically, resulting in a much larger surface area to volume ratio, thus an expectation for a much larger volume of surface sp 2 carbon impurities. Increasing the CH 4 concentration to 10% further decreases the grain size while at 15%, the material has formed a 'ridge' like surface morphology, comparable to those found in previous studies of nitrogen doped NCD films [40] . Under an optical microscope, these NCD films get progressively darker, implicit of the increasing non-diamond carbon content. In addition, the increase in CH 4 concentration has increased the growth rate of the films, resulting in a variation in film thickness which will need to be considered in the depolarisation model. The micro-Raman spectroscopy measurements in Fig. 6 show that at low CH 4 concentration, the characteristic peak at 1332 cm
À1
indicates the presence of sp 3 carbon. The broad band around this peak (D-band) is generally associated with induced disorder and amorphous carbon [41, 42] and the large background to other surface contaminants. The broad band at approximately 1580 cm À1 (G band) is associated with significant concentrations of graphitic sp 2 carbon within the film [43] . As the CH 4 concentration increases, the intensity of the diamond peak starts to diminish, with an associated increase in the FWHM. The intensity of the D and G bands start to increase in addition to a decrease in FWHM. This is indicative of the formation of large volumes of sp 2 carbon while the sp 3 carbon significantly decreases. This is also true for 10% and finally at 15% CH 4 , where the diamond is practically non-existent and we are left with large concentrations of sp 2 carbon.
The bonding structure of the NCD films was determined by XPS ( Fig. 7) and TEM-EELS (Fig. 8) . The C1s spectra is sensitive to both sp 3 and sp 2 and the relative abundance can be inferred through is typically observed at a higher binding of ca. 285 eV than the sp 2 peak at ca. 284 eV [44, 45] . In this case, the FWHM and centre of the fitted Gaussian peaks have been fixed, however, sample charging may shift the whole spectra, a limitation of characterising sp 2 and sp 3 carbon in this way. This is clearly the case for the 10% sample.
The sp 2 peak can be inferred from the sample grown at the highest CH 4 concentration of 15%, where it was previously identified through micro-Raman spectroscopy that minimal sp 3 carbon is present. The sp 2 peak is identified at ca. 285.1 eV. As the CH 4 concentration is reduced, the whole spectra shifts slightly to higher binding energies, owing to the growth of the sp 3 peak. This peak is identified at ca. 284.8 eV, with additional broad peaks at binding energies > 285 eV, associated with various surface contaminations such as C-O and C-H groups [44] . This latter feature is observed in all of the samples with the most prominent peak shown in the lowest CH 4 concentration, congruent with the large background found in the 1% CH 4 sample measured in the micro-Raman Spectroscopy measurements. For EELS, the sp 2 : sp 3 ratio can be inferred by the p Ã and s Ã resonances, where the former is solely related to sp 2 and the latter to both sp 3 and sp 2 carbon [46] . The C1s spectra in Fig. 8 shows a characteristic p Ã peak at 285 eV in the 15% sample, indicative of surface sp 2 carbon. This peak is due to C1s electrons transitioning to the p Ã orbitals [46] . In addition, the s Ã edge, which is both implicit of sp 3 and sp 2 carbon, is found at ca. 291 eV. This feature, in addition to the dip at ca. 302 eV known as the second diamond gap [46] , implies the presence of sp 3 carbon. As the CH 4 concentration decreases, the p Ã peak becomes less prominent and the second diamond gap minimum decreases, showing that sp 2 carbon decreases and sp 3 carbon increases as expected with decreasing CH 4 concentration. The MCP measurements shown in Fig. 9 and tabulated in Table 2 show that the perturbation caused by the high resistivity Si substrate is significant such that Q e is heavily loaded from 9326 to 250 while Q h is relatively unchanged. In addition, f h did not increase and hence the skin depth is still larger than the sample thickness and so the conductivity of the substrate is not metallic. This perturbation is caused by the conducting properties of the Si and strongly implies that we are operating near the depolarisation limit. The large decrease in Q e , marginal decrease in f h and Q h implies that the conductivity of the Si substrate is approximately 10 0:6 S/m. The marginal decrease in f h is unexpected however, since the FEM model and the analytical model given in (4) do not predict any decrease in f h . The reason for this is actually due to a finite gap between the sample and the cavity wall, which produces an additional depolarisation and stray field effect (verified through an additional FEM model, see supplementary information). This slightly increases the s dc onset of screening effects, where f h increases. This does not affect the overall conclusions of the work, as the Q h measurements simply follow the minimal depolarisation curve to a slightly larger onset conductivity.
For the NCD film produced at a CH 4 concentration of 1%, Fig. 9 shows that Q e decreases to less than that of the Si substrate and the downward shift in f e is less than the Si substrate. This may imply an increase in conductivity and a decrease in dielectric constant. However, this may also just be a sign of a decrease in conductivity, impossible to determine in the absence of H-field measurements when operating near the depolarisation limit.
With the additional MCP H-field measurement, Q h for the 1% sample does not decrease as much as the Si substrate, meaning that the conductivity actually decreases compared to the bare Si. This implies that when diamond is deposited onto the Si substrate, it actually decreases the conductivity of the whole substrate which could be described by a decrease in surface conductivity of the Si substrate caused by the diamond layer. Thereafter, the increase in CH 4 concentration results in an increase in Q e and a decrease in Q h , meaning that the conductivity increases. Even at the largest CH 4 concentrations, the conductivity never exceeds the value where the skin depth is smaller than the NCD film thickness such that the Hfield perturbation increases in frequency.
Since the degeneracy has been solved for the MCP Q factor measurements, the conductivity of the NCD films can be calculated with results given in Table 2 and plotted onto the analytical and FEM model in Fig. 10 . While an approximate value of conductivity can be estimated by assuming all films to have a 1 mm thickness, since the thickness is known from the SEM cross-section micrographs in Fig. 5 , a more accurate value can be estimated. For each thickness, the model needs to be adjusted accordingly for each sample as is shown in Fig. 10 . With increasing thickness, the whole model is shifted to lower conductivities. The conductivity of the NCD films calculated from the MCP method increases from clear that the surface area of the films is increasing with CH 4 concentration, which further increases the volume of surface impurities. Additionally, the Raman, XPS and EELS measurements, identify these impurities as sp 2 carbon which is electrically conducting. This is congruent with nanodiamond studies of varying particle size [34] , although in this instance it is the film grain size varying. Based on this study, the expectation is that the Q factor would decrease with sp 2 , however, the complete opposite is observed in Fig. 9 , highlighting the importance of considering depolarisation, and H-field measurements in determining the conductivity using MCP. The absolute values of conductivity in Table 2 , are corroborated with the rough estimations of conductivity using two point measurements. A significant variation in the measured value was, however, found whilst using the multimeter, which explains the discrepancy between the two measurements.
Another important observation is that the MCP measurement of the 1% sample is not correct as an extremely large resistance was measured using the multi-meter. The inability to measure a precise resistance demonstrates that there is a heavily insulating diamond film on the Si substrate and so the results presented for 1% are erroneous. The measured MCP value is merely a variation in the conductivity of the Si after it has been grown on. This highlights the biggest consideration for the MCP measurement system for NCD films in that MCP can only measure the conductivity of the films if it is greater than the substrate. As the CH 4 concentration increases along with the conductivity, however, MCP becomes focused on the film as opposed to the substrate.
Conclusion
While not nearly as sensitive as powder systems presented in previous studies, an MCP system has been demonstrated as a noncontacting probe for fast and non-invasive evaluation of the electrical conductivity of nitrogen doped NCD films. It is clear that the lower measurement limit in conductivity is determined by the microwave dielectric properties of the sample substrate and with most CVD growth applications reliant on Si, limits the use of MCP in evaluating conducting impurities. It is however, extremely useful for diamond applications which require the film to reach conductivities of greater than around 10 3 S/m. The finite depolarisation caused by a small sample introduces a degeneracy in the Q-factor measurements, whereby one must exercise caution relating Q factor to conductivity. In this instance, it is not true to simply state that the sample with the highest conductivity exhibits the lower Q factor, as is the case for the simplified cavity perturbation equations.
Hence, MCP conducted using a rectangular cavity is generally only useful for examining electrically conducting NCD films that greatly exceeds the conductivity of the substrate. For the examination of NCD films grown with nitrogen doping, with aim of synthesising sp 3 carbon needles encased in sp 2 carbon for emission applications or for boron doping of diamond, MCP is extremely valuable for quickly determining how growth parameters (such as power, pressure, dopant concentration etc.) affect the overall electrical conductivity of the film without damaging the film in anyway. Table 2 are not plotted but rather 0. 
